Cells in the body are exposed to irregular mechanical stimuli. Here, we review the so-called fluctuation-driven mechanotransduction in which stresses stretching cells vary on a cycle-by-cycle basis. We argue that such mechanotransduction is an emergent network phenomenon and offer several potential mechanisms of how it regulates cell function. Several examples from the vasculature, the lung, and tissue engineering are discussed. We conclude with a list of important open questions.
Cells in an organism are continuously exposed to a variety of mechanical factors including osmotic stress, external pressure, shear stress, and tensile stress. For example, primary cilia in kidney (89) , bone (50) , cartilage (101) , and eye (67) cells are sensitive to pressure. During body movement, muscle cells contract and exert stresses on all cells in the muscle, including themselves (72) as well as nerve cells (115) . With every heartbeat, the propagating pressure waves in the arteries produce shear stresses along endothelial cells (ECs) (30) as well as circumferential stresses acting on vascular smooth muscle cells (VSMCs) (83) . During breathing, the rhythmic contraction of the respiratory muscles generates cyclic stretch of the lung that is transmitted along the extracellular matrix (ECM), including mostly collagen and elastin (108) , to all resident cells of the lung (126) .
Nearly all cell types have machinery to sense and respond to mechanical stimuli. The sensing is achieved via mechanosensitive channels (133) and various transmembrane receptors such as integrins at focal adhesions (2) or cadherins at cell-cell junctions (15, 52) . The most common immediate cellular response at the molecular scale is protein conformational change (71) at focal adhesions (64) or cell-cell contacts (132) , which can lead to reorganization of focal adhesions (102) and the cytoskeleton (116) followed by biochemical signaling cascades (118, 122) , turning genes on or off, and eventually expressing various intra-(81) and extracellular proteins (18, 22, 131) and enzymes (123) . These processes involving sensing, transmission, and signaling are collectively called mechanotransduction (42, 47, 48, 82, 118) .
Physiological rhythms acting within the body also exhibit fluctuations that may influence the process of mechanotransduction (5, 7, 120) . For example, blood pressure is known to exhibit significant beat-to-beat variability that increases in diseases such as hypertension (70, 97) . The depth of breathing also fluctuates from breath to breath (21) .
It has been proposed that, beside the magnitudes of mechanical stresses, the time period as well as the frequency of the stimuli determine the actual signaling response (39) . Nevertheless, in laboratory conditions, the details of the mechanotransduction pathway are invariably studied using static or cyclic but monotonous stretch (MS). In a recent study, we presented evidence that fluctuations in cycle-by-cycle strain, called variable stretch (VS), applied to VSMCs fundamentally alter cellular bioenergetics, cytoskeletal organization, and signaling (7) .
The main purpose of this review is to describe how fluctuations in mechanical stimuli regulate mechanotransduction. We first briefly review current concepts in conventional mechanotransduction including integrins, focal adhesions, cadherins, as well as their signaling. Next, we discuss why mechanotransduction should be considered as an emergent network phenomenon. Comparison of static stretch, transient stretch, and MS has recently been summarized (39) . Here, the main focus will be on the socalled fluctuation-driven mechanotransduction (FDM) during VS in which peak strains vary from cycle to cycle while maintaining the same mean strain as MS. Examples will mostly be from the vasculature and the lung. Following some speculation on the possible roles of fluctuations in diseases and aging, we conclude with a list of important open questions.
with cells through adhesion receptors such as integrins, which in turn structurally and functionally regulate cell membrane proteins and their linkages to the cytoskeleton, including actin microfilaments, microtubules, and intermediate filaments. These events involve multi-molecular conformational changes, biochemical reactions, as well as whole organelle responses such as the reorganization of the cytoskeleton, organelle biogenesis, or changes in organelle structure and function. Below, we provide a brief review of the main pathways in conventional mechanotransduction (see FIGURE 1), which are also involved in or are modulated by FDM.
A key element in mechanotransduction is the coupling of the cell to the ECM by specialized multimolecular complexes, the focal adhesions (FAs). The FAs serve as dynamic biochemical signaling hubs that regulate numerous signaling proteins and alter adhesion receptor clustering and binding to the ECM or receptors on other cells (15, 33, 52, 93) . The most studied adhesion events are the bidirectional integrin-mediated processes (43) . Signals can arrive from the ECM to the cells to reorganize FAs, but FA proteins are also tightly regulated by biochemical events from inside the cell. Virtually all cells in the body express integrins with cell type specificity that is often regulated by changes in the cell's mechanical environment. Integrins form heterodimers, which consist of ␣ and ␤ subunits. Ligands, such as the RGD (Arg-Gly-Asp) sequence along collagen, fibronectin, or laminin, bind to integrin receptors depending on the subunit combinations (2, 44, 96) . Following ligand binding, integrin subunits form domains and clusters (66) as
FIGURE 1. Schematics of cell adhesion-related signaling
The external domains of integrins interact with certain transmembrane proteins with major impact on signaling influencing cell motility as well as intracellular calcium levels. The intracellular domains of integrins also interact with several cytoplasmic proteins, including integrin-linked kinase (ILK), which regulate integrin outward signaling. At focal adhesions (FAs), the FA peripheral proteins, talin and ␣-actinin, bind directly to intracellular domains of integrins, connecting them to vinculin, paxillin, and tensin, as well as to Zyxin/WASP, filamin, or FA kinase (FAK), Src PI3 kinases. Once the integrin-mediated cell adhesion occurs, FAK is rapidly autophosphorylated, which recruits Src to further phosphorylate FAK at several tyrosine residues. This process regulates FA assembly and disassembly, while additional proteins such as GRB2 and GRAF may be recruited and further signaling occurs to Cdc42, Rho, and mitogen-activated protein kinase (MAPK). These signaling events regulate cell motility, cell cycle and proliferation, and apoptosis among others. MAPK can also be activated directly by integrins through Raf/MEK independent of FAK. MAPK-ERK1/2, after integrin activation, translocates to the nucleus and regulates various transcription factors including c-Myc, AP-1, ATF-2, Elk-1, and SAP-1 with fast expression of vinculin, actin, ␣-actinin, and ␤1 integrin. MAPK can phosphorylate and activate myosin light chain kinase (MLCK) directly and hence regulate cell contractility and motility. Furthermore, MAPK can physically associate with microtubules and enzymatically alter their structure. The other major signaling family, the Rho family of GTPases Cdc42/Rac/Rho, regulates actin assembly, stress fiber formation, and anchorage for integrin signaling. Rho kinase (RhoK) can also directly phosphorylate MLC as well as modulate it by the inhibition of MLC phosphatase (MLCP), and may act synergistically with the integrin-activated MAPK/MLCK/MLC contractility. Cell-cell adhesion sites at adhesion junctions link cadherins with each other and the actin cytoskeleton. The cadherin intracellular domain binds to ␤-catenin, which binds to ␣-catenin, and the complex binds directly to actin and ␣-actinin, establishing the link between cadherins and integrins. Cadherins are modulated by the Wnt signaling through the level of ␤-catenin availability. Wnt binds to ECM and activates the Frizzled R/GSK3/APC-␤-catenin complex axis. The cross talk of integrin/ILK and GSK3 modulates the ␤-catenin/LEF1/TCF complex and hence the LEF1 responsive transcription. Similarly to integrins, there is both inside-out and outside-in signaling between cadherins and the Rho GTPases. Both positive and negative regulations are achieved; Rac1/Cdc42 strengthens the cadherin complex through ␤-catenin availability, but Rho negatively regulates cadherins through the actin cytoskeleton assembly. On the other hand, at cadherin-cadherin contacts, Rac1/Cdc42 becomes activated.
well as undergo conformational changes from a lowto a high-affinity state (41) . G-protein-coupled receptors and Ras-related small GTPases and their effectors modulate the affinity of integrin bindings (41, 104) . The external (99) and internal (4) integrin domains interact with other proteins, which regulate the bidirectional signaling events. At FAs, talin and ␣-actinin bind directly to the intracellular domains, connecting them to vinculin, paxillin, and tensin, as well as to FA kinase (FAK), which, through mostly tyrosine phosphorylation, regulate actin filament formation (14). Thus cytoskeletal assembly and integrin signaling are tightly coupled. The most accepted view is that, upon integrinmediated cell adhesion, FAK is rapidly autoph osphorylated to recruit Src and further autophosphorylate FAK, which regulate FA assembly/ disassembly with additional proteins such as Rho and mitogen-activated protein kinase (MAPK). However, MAPK can also be activated directly by integrins independent of FAK. After integrin activation, MAPK translocates to the nucleus and regulates various transcription factors (49) , with a fast expression of vinculin, actin, ␣-actinin, and ␤1-integrin (134) . MAPK can also phosphorylate and activate myosin light chain kinase (MLCK) and govern cell contractility and motility (56) . Furthermore, MAPK can physically associate with microtubules and alter their structure (78) . The other major signaling pathway is through the Rho family of GTPases, which regulates actin assembly, stress fiber formation, and anchorage for integrin signaling (19) . Similar to MAPK, the Rho kinase can also phosphorylate MLC with an effect on cell contractility (3).
Cell-cell adhesion occurs via linking cadherins with each other and the actin cytoskeleton (15, 52). There are cell type-specific cadherins (110) , which are members of the calcium-dependent homotypic cell-cell adhesion molecules and play fundamental roles in tissue development and homeostasis (121) . The intracellular domain of cadherin binds to ␤-catenin, which in turn binds to ␣-catenin, and the full complex binds directly to actin and ␣-actinin (20) , establishing a force transmission pathway between cadherins and integrins (127) . Cadherins are modulated by the Wnt signaling through availability of ␤-catenin (37) . Similarly to integrins, there is bidirectional signal transduction between cadherins and Rho GTPases. Additionally, there is an interplay between cadherins, activation of Rho, and the dynamics of microtubule, actin, and intermediate filaments (13, 130) , implying a regulatory force transmission across cell-cell junctions (80) .
Dynamic Network Phenomena in Mechanotransduction
There is evidence that cell adhesion and the related signaling discussed above may not simply be localized to FAs; rather, they involve larger-scale interactions originating within the network of actin filaments as a whole (28, 75, 85, 117) . To understand the nature of network phenomena, we point out two key features. First, the cytoskeleton consists of active and passive cross links governed by their binding kinetics that are force dependent (57) . Second, network formation is an active process since the myosin II motors that attach to and walk along actin filaments draw energy from ATP hydrolysis (40, 124) . The active walk of the motors reorganizes the actin network and generates a prestress in the cytoskeleton. The prestress influences local processes such as FA assembly and hence is an essential component of adherent cells' ability to sense their environment (26) . Indeed, even the stability of FA complexes depends on the contractile force in the actin cytoskeleton (38, 87) . This was further corroborated by the fact that the FA proteome was enhanced by myosin II-induced contractility, suggesting a common myosin-related FA regulation (61, 98) . While this mechanism may contribute little to force generation by skeletal muscle cells, myosin II motors still play a role in the development and cell-cell interactions of myoblasts (109) .
The response of adherent cells to mechanical stimuli is also time-scale dependent (106). The development of tension in the cytoskeleton due to myosin activity is a fast process and reaches equilibrium in the order of 100 s (75) . Within this time frame, all adherent cells exhibit common features in the way they respond to changes in substrate stiffness (75) and stretch (58, 116) . As substrate stiffness increases, cells not only develop higher traction forces, but they also adjust the rate of force generation such that the time to equilibrium is the same independent of substrate stiffness (75) . A similar phenomenon is observed in adherent cells subject to a transient equi-biaxial stretch pulse (58, 116) . Following stretch, cell stiffness immediately drops, followed by a slow recovery phase. Again, cells adjust their rate of recovery in such a way that the time to reach equilibrium remains more or less the same regardless of stretch amplitude. A computational study showed that cross-linking proteins and active molecular motors in an elastic actin network were able to replicate the response of cells to changes in substrate stiffness (10) . A more recent study also showed that an elastic network consisting of only actin and myosin can explain and unify three apparently unrelated phenomena (85) : the effect of changes in substrate stiffness on cellular traction and stiffness, the dependence of the rate of traction force development on the stiffness of the substrate (75) , and the physical response to transient (58, 116) and cyclic stretch (25, 31) . These studies provide evidence that a dynamic network phenomenon may be responsible for the sensitive detection of environmental cues by the cell. Other studies have also demonstrated that complex self-organized structures naturally emerge in an active network as the myosin motors reorganize the actin (59) . Such a network exhibits both active contractility and viscoelastic properties consistent with those observed in cells (55, 125) . Also, in vitro models of actin-myosin gels (6, 105) successfully reproduced structural motifs found in the actin cytoskeleton (27, 46) .
How can a simple mechanical model of the actin-myosin network reproduce the response to both stretch and substrate stiffness while producing self-organized structures as observed in living cells? Within a prestressed elastic network, the local force on a myosin cross link is a function of both the total average prestress in the network as well as the local structure of the network in the neighborhood of the myosin. This allows interactions to occur at two different length scales. At the microscale, the myosin motors are able to elastically interact with each other as they move along actin filaments and generate prestress in the network. At the larger scale of the entire network, the average prestress feeds back to the individual myosin motors to regulate their walk along the actin. Thus the strong link between internal prestress and adaptation to external stretch indicates that mechanotransduction emerges as a multi-scale network phenomenon that results from microscopic molecular processes attempting to maintain local force balance within a large and prestressed elastic network in response to an external stimulus. Furthermore, the polar nature of the actin necessarily leads to heterogeneities, and the directional motion of the motors driven away from equilibrium by ATP consumption acts as a dissipative nonlinear network that can generate structure and form (90) . As discussed below, such a complex behavior also manifests in the response of cells to fluctuations in their mechanical environment.
Fluctuation-Driven Mechanotransduction

Fluctuations in Mechanical Stimuli
To appreciate fluctuation-driven mechanotransduction (FDM), we first review the type and amount of mechanical fluctuations cells in the body experience. These fluctuations depend on the location of the cell within the organ, the organ itself, as well as the species. In the lung, fluctuations are due to breath-to-breath variability of tidal volume (21) as well as regional variations in the mechanical properties of the ECM. Tidal stretches are superimposed on a preexisting stress corresponding to functional residual capacity. Furthermore, gravity generates a gradient in both the preexisting stress and the regional tidal volume so that the mean static stretch is larger and the dynamic tidal stretch is smaller in the upper regions of the lung. Although the strain variability is not known along the gravitational axis, the coefficient of variation (CV) of regional tidal volume for the pulmonary rib cage was higher than that of the abdominal compartment (0.39 vs. 0.28; P Ͻ 0.05) (21) . The strain magnitudes also depend on the cell type. A detailed analysis of the mechanics of and strains in the alveoli are given in Ref. 92 . Epithelial cells in the alveoli receive approximately twodimensional strains and undergo 10 -15% cyclic area strain during quiet breathing, with a maximum of ϳ37% corresponding to deep inspirations (119) . Because the lung is porous with thin membranous structures, fibroblasts might experience similar strains in the alveolar septal walls. On the other hand, airway smooth muscle cells are stretched up to only ϳ5% strains during breathing fairly independently of location, whereas a deep inspiration could result in ϳ25% strain in the larger airways and up to 40% strain in the smaller airways (63) . The breath-to-breath fluctuations in tidal volume in normal adults have CV values between 20 and 50% (21), which may generate similar peak strain variations, although the actual strain distribution acting locally on cells is likely different from the global tidal volume distribution.
In the vasculature, both heart rate and stroke volume exhibit significant beat-to-beat variabilities (65) and, consequently, so does blood pressure. The amount of fluctuations in circumferential strain can be estimated from blood pressure variability and the stress-strain curve of the vessel wall. This calculation for VSMCs in the rat aorta resulted in a static strain of 70%, with the peak strain amplitudes uniformly distributed between 77.5 and 92.5%, while frequencies ranged from 2 to 6 Hz for high and low amplitudes, respectively (7) . In this study, the design was specifically chosen so as to maintain a constant strain rate; in reality, however, strain rate also changes due to variability in heart rate, which varies in a long-range correlated manner according to a non-Gaussian distribution (88) and is highly sensitive to vascular disease (51) . Shear stresses on the endothelium vary largely along the arterial tree (17, 54, 91) , and it is estimated that peak shear stress is between ϳ7 and 18 dyn/cm 2 during a 12-h period (120) . While blood pressures are similar in magnitude across mammals, the same cell type in different species can see very different frequencies and hence strain rates. The heart rate f is known to scale with body mass M as fϳM Ϫ0.25 (128) , which pro-vides a 20 -25 times faster rate in the mouse compared with the elephant. How mechanotransduction is affected by these highly different rates is not understood.
General Considerations for FDM
The mechanisms of FDM have not been fully elucidated. However, our recent study suggests sweeping effects of VS on many cellular processes compared with MS in VSMCs (7). It is therefore possible that VS interferes with most molecular interactions in FIGURE 1. In the following, we will consider only a few possible mechanisms that could lead to different signaling during MS and VS.
Since cells adhere to ECM molecules such as collagen or fibronectin through integrins, the stretching of the fibers will first be sensed by the integrins that are linked to talin and, through vinculin, to the cytoskeleton. Forces of different magnitudes may be sensed by multimodular proteins along a linked chain of mechanotransduction triggered by conformational changes and unfolding motifs (122) . In this picture, mechanotransduction is governed by switch-like mechanisms so that stronger and weaker forces can be detected by unfolding different protein domains. During MS, domain folding might undergo cyclic variations, eventually leading to a nonequilibrium steady state. However, the occasionally larger than average force during VS can unfold different protein domains. If this happens a sufficient number of times, VS will induce phosphorylation and binding of a different set of signaling molecules than MS. Furthermore, while VS also maintains nonequilibrium conditions, cells and the stretch-sensitive subcellular structures may never reach a steady state. The average time for a motif to be in the unfolded state can also be different between MS and VS, allowing slower biochemical signaling pathways to be selectively triggered by the dynamics of stretch pattern. There are several additional mechanisms not based on switch-like conformational changes that can be influenced by stretch pattern. For example, since bond dissociation depends on the force on a bond (29) , the binding and unbinding rates will be affected not only by the mean force during MS but by the amount of fluctuations in VS. The mechanism here is likely related to the force-rate sensitivity of bond dissociation that should allow different sets of catch and slip bonds to be activated by MS and VS. Similarly, given sufficient time, the reinforcement of FAs by mechanical forces will be different during VS than MS. Most importantly perhaps, within the cytoskeleton, the network-related mechanosensing via myosin motors will certainly be affected by stretch pattern. For example, during the loading phase of cyclic stretch, myosin motors detach from actin while, during the unloading phase, they reattach and ratchet up tension (85) . The repeated application of the same stretch in MS leads to a star-shape formation with a gradual decline of traction force. However, it is conceivable that the larger than average forces during VS would allow the cytoskeleton to break out of this stable configuration, which would lead to a different organization of the actin cytoskeleton. The continuous competition between detachments and ratcheting up the prestress, while in a steady state during MS, is repeatedly kicked out of the steady state during VS. This unsteady state of the cytoskeleton should consume more ATP and maintain a different dynamic network structure than during MS. Indeed, the fractal dimension of actin was higher following 4 h of VS than MS in VSMCs with substantial differences in subsequent signaling (7), suggesting that FDM triggers a transition between various structural states of the cytoskeleton (27) .
We can conceptually demonstrate why FDM is expected to utilize different signaling pathways than conventional mechanotransduction. Consider a linearly elastic element characterized by a spring constant k as a simplified representation of cell stiffness. The energy stored in the spring by stretching it to an extension x is E ϭ kx 2 /2. Over N identical such cycles, the total energy delivered by MS is simply the sum of the energies in each cycle
Since the term inside the summation is independent of i, this can be written as E MS ϭ NE. Consider now the case of VS in which the displacement is given as y i ϭ x ϩ e i , where e i is a zero mean random variable with variance 2 , which takes a different value in each cycle i. The energy stored in a given cycle i depends on e i , and the total energy is the sum of the energies communicated to the system in each cycle:
By substituting y i ϭ x ϩ e i and expanding the square, we obtain the following:
The first term in the parenthesis reduces to E MS , the second term is zero because e is zero mean, and the third term is by definition 2 . Hence, E VS simplifies to
Equation 4 demonstrates that the total energy depends on the variance of the cycle-by-cycle fluctu-ations added to peak strain. Several limitations apply here. First, we assumed that the system is linear and elastic. Nonlinearity would not alter the main conclusion from the above analysis, but the expression for the energy would be more complicated. Cells are also viscoelastic, and allowing for dissipation would require the knowledge of the relative energy dissipation during MS and VS, which is not known. However, a consequence of viscoelasticity is that stresses and forces are also a function of strain rate. Higher rates at the same amplitude will generate higher forces and consequently could trigger different mechanotransduction responses. Second, we assumed that k is constant. However, in response to MS and VS, cell stiffness will likely change. Indeed, during MS, cell stiffness declines (25) . Unfortunately, it is not known how cell stiffness changes following VS, although the organization of the actin cytoskeleton, the most important contributor to cell stiffness, exhibits a stronger network structure during VS (7), which might result in higher stiffness. One could also argue that by elevating the extension x in Eq. 1 so that E MS ϭ E VS , the difference between the two stretching modes should disappear. However, this is not necessarily the case. Consider a protein that unfolds at an extension x= Ͼ x, where x is the mean value of y in Eq. 2. It is easy to see that VS can occasionally unfold the protein if the fluctuations are big enough, but MS will not be able to achieve that. Gradually increasing x in MS to above x= so that E MS ϭ E VS , MS can also be made to unfold the protein. However, MS will unfold the protein in every cycle, whereas VS unfold the protein only occasionally despite the total energy delivered by the two stretching modes being the same. Thus, during VS, the fraction of time the protein is in the phosphorylated state may be tuned for specific tasks. We can conclude that, due to either the elastic surplus energy or the different phosphorylation state of the cell, VS should result in different cytoskeletal organization, signaling, and gene and protein expressions compared with MS.
FDM Enhances Bioenergetics in VSMCs
An important consequence of the energy surplus is that cellular bioenergetics may respond differently to VS than to MS. We recently reported that ATP production rate in VSMCs in culture stretched equi-biaxially was higher by a factor of ϳ2 following 4 h of VS compared with MS (7). In this study, ATP production was quantified by the intensity of the tetramethylrhodamine methyl ester dye, which is related to the inner mitochondrial membrane potential (mMP) (24) and hence ATP production (53) . The fluctuation-enhanced increase in mMP thus implies higher ATP production, which was accompanied by a general increase in tyrosine phosphorylation, upregulation of key components of the electron transport chain including the ATP synthase, as well as various structural changes such as increased organization of the actin, mitcrotubule, and mitochondrial networks characterized by their fractal dimension and coefficient of variation (7) . Using a set of inhibitors, part of the mechanism related to ATP production was found to be as follows (7). When actin polymerization, microtubule depolymerization, the ATP synthase, FAK, or calcium availability were inhibited individually, ATP production and mitochondrial cluster size were altered, but VS maintained a higher mMP and hence ATP production than MS. Two cytoskeletal structures, microtubules and vimentin, however, play a key role in FDM since blocking their polymerization eliminated the difference between MS and VS cells. Inhibiting non-muscle myosin II, the dynamin-related protein 1, which regulates mitochondrial fission (84) , or paprotrain, an inhibitor of mitotic kinesin-like protein 2, all reduced ATP production in VS cells to the levels found in MS cells. Interestingly, inhibiting Rho kinase also eliminated the differences between MS and VS cells, but via elevating mMP in MS cells. A conceptual diagram summarizing the differences in signaling and bioenergetics during MS and VS is shown in FIGURE 2. The main functional consequence of the enhanced ATP production by FDM was an increase in myosin light chain phosphorylation, which maintained VSMC contractility in vascular wall segments stretched using VS but declined it during MS. Thus VSMCs appear to utilize the mechanical energy surplus during VS and convert it to chemical energy stored in ATP, which, together with the reorganized cytoskeletal structure, may play crucial roles in many essential cell functions.
FDM in Other Systems
Surfactant in the lung is secreted by type II epithelial cells and a key component of alveolar surface film stability. One of the strongest stimulants of surfactant production and secretion is a single large stretch (129) . A period of 30-min cyclic stretch of ϳ50% area strain applied to epithelial cells in culture showed first a decline in surfactant secretion after an additional incubation time of 30 min but resulted in increasing levels of secretion after further incubations for 60 and 210 min (23) . Another study found an increase in secretion at 60 min when type II cells were stretched for 15 min but a decrease when these cells were stretched for 30 or 60 min (5). The delayed responses are consistent with the notion that stretch increases surfactant transport from the interior to the exterior through a surface layer with a limited number of secretory pores, which temporarily hinder secre-tion due to an interaction among the surfactant containing lamellar bodies, effectively creating a jam (68) . When the stretch stops, the jam takes additional time to clear, implying that surfactant secretion is a fundamentally nonlinear process, with memory representing collective behavior at the level of a single cell. The jam maybe due to the organization of the cytoskeletal network around fusion pores since depolymerizing actin generally enhances surfactant secretion (94) . Additionally, surfactant secretion is tightly regulated by membrane-bound target SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) proteins called SNAP-23 and syntaxin-2 (1). Syntaxins in the plasma membrane also selforganize into clusters due to weak intermolecular attractive interactions with cluster sizes limited by crowding-induced repulsion (103) . The available syntaxins in the membrane may group into a finite number of docking sites, allowing jamming to FIGURE 2. Schematic representation of the signaling to the mitochondria involved in monotonous stretch and variable stretch Schematic representation of the signaling to the mitochondria involved in monotonous stretch (MS) (left) and variable stretch (VS) (right) of VSMCs. The effect of stretch enters the cell through integrins and transmembrane proteins (TRMb Pr) such as stretch-sensitive calcium channels. Fluctuations in stretch amplitude spread through focal adhesions, subcortical actin, and microtubules to eventually reach mitochondria. Mitochondrial activity characterized by the inner mitochondrial membrane potential (mMP) is significantly affected by both structural elements (solid and dashed lines) such as the microtubule network and signaling molecules (dotted lines) such as Src. The dotted lines do not necessarily indicate a direct effect of the corresponding molecule on mMP. Left: the black dotted lines represent mechanisms that make mMP higher during MS than the unstretched (US) condition. The red dotted lines (e.g., from myosin II to mitochondria) denote mechanisms that differentiate between MS and VS since inhibition of the corresponding molecule eliminates the difference between them. An arrow/perpendicular line at the end of a line means that the activation of the corresponding signaling molecule or the intactness of the corresponding structure serves to maintain a high/low level of mMP. Accordingly, since inhibition of microtubule and vimentin polymerization eliminates the difference between VS, MS, and US cells, these two cytoskeletal structures are fundamentally necessary for any mechanotransduction to the mitochondria. Src, which is closely associated with focal adhesions, plays a role in both MS and VS signaling since it eliminates the difference between MS and US but maintains the difference between MS and VS. While FAK is necessary for normal mMP for both MS and VS, it does not affect the difference between MS and VS. During MS, inhibiting the Rho kinase (red dotted line in left schematic) elevates mMP to the level of VS, suggesting that Rho kinase plays a silencing role in mMP during conventional mechanotransduction. Additionally, during MS, mechano-sensitive channels, ATP-dependent K ϩ channels, or MLC phosphorylation play a role in increasing mMP above that in the US condition. On the other hand, inhibition of motor molecules (non-muscle myosin II, kinesin motors, Drp1) reduces mMP during VS to that observed during MS, demonstrating the involvement of higher mechanical tension in the cortical actin (shaded purple in right schematic) and more active trafficking of mitochondria. Thus VS activates different signaling pathways during fluctuation-driven mechanotransduction, which increases biogenesis, the complexity of the mitochondrial network, ATP production, general cellular activity, and cell contractility. Vertical red arrows represent an increase or a decrease in activity. occur when secretion is stimulated. Interestingly, when 5% variability was added to stretch, surfactant secretion doubled (5), suggesting that VS reduces jamming. While the precise mechanism is not known, several possibilities arise. Stretch pattern can influence the cluster distribution of docking proteins to alter fusion pore-opening dynamics. The opening of calcium channels required for secretion (129) is a nonlinear stretchdependent process (79) . Since fluctuations can enhance signal transduction even in the simplest ion channel (8) , VS might increase general calcium levels too. Finally, if ATP production is upregulated by VS in type II cells similarly to VSMCs (7), the excess ATP can depolymerize actin and act as a strong surfactant secretagauge. Elucidating the specific mechanisms will require more experiments.
ECs in the vasculature provide a selective barrier to circulating blood cells and macromolecules in the presence of shear stresses due to blood flow. Many studies have demonstrated that shear stress regulates various genes, which in turn control the production of vasoactive materials such as nitric oxide (NO), which relaxes VSMCs, and endothelin-1, which contracts VSMCs. While this knowledge comes from countless experiments using steady shear flow, only one study examined how physiological variability in shear flow based on observed in vivo flow pattern might influence vascular signaling (120) . Both steady and variable shear flows upregulated superoxide dismutase that protects against oxidative stress; however, variable shear flow also upregulated NO synthase activity and NO as well as lowered TNF-␣-induced leukocyte adhesion, implying more quiescent ECs. Little is known about the corresponding FDM mechanism. It is likely that the glycocalix, comprised of proteoglycans and glycoproteins on the surface of ECs, is a key player in mediating mechanotransduction (111). For example, varying shear stresses over long time scales may modulate glycocalix synthesis and degradation (36). The amount and clustering of glycocalix in turn modulate how instantaneous shear stress activates G-protein signaling, which is known to regulate the burst-like production and release of NO (60) . Uncovering the exact mechanisms, however, awaits further studies.
Several studies also attempted to incorporate variability into tissue engineering approaches. Using a novel stretcher, Gelfoam samples were seeded with neonatal rat lung fibroblasts and uniaxially stretched with different levels of variability (0%, 25%, 50%, and 75%) superimposed on 20% mean strain (45) . While the data showed that VS increased the mRNA expression of collagen-1␣ and lysyl oxidase, the mRNA expression of syndecan-4 was maximized at 25% variability. Further studies are required to assess any functional consequences of the altered expression profile. In another study using a novel bioreactor, VS (25% variability) was used in cardiac tissue engineering with a small but significant increase in twitch force compared with static stretch (76) . There is only one study that tested the effects of varying the frequency alone (77) . Cardiomyocyte constructs from neonatal rat in fibrin hydrogels were stimulated with constant, Gaussian, or uniform distribution of frequencies for 2 wk with 10% and 20% variations around the mean. The observed differences in protein expressions suggest that variable-frequency stimulation affected cell-cell coupling and growth pathway activation. Although these studies are descriptive, they present new opportunities to selectively tune the composition of tissue constructs.
Fluctuation-Driven Mechanotransduction in Diseases
While changes in stretch pattern are likely common to many diseases, here we only consider those that manifest in the respiratory and cardiovascular systems. Cycle-by-cycle variability in respiratory parameters has been measured in both healthy and diseased subjects (21, 114) . Variability of tidal volume, as measured by the CV, was ϳ26% in normal subjects, increased to 43% in obstructive lung disease, and decreased to 17% in restrictive lung disease (62) . Considering that tidal volume is the driving signal for strain delivered to lung cells, mechanical stimuli can significantly be altered in diseases; however, the actual strains cells experience need to be experimentally determined since the local strain is further complicated by changes in local stiffness with lung disease. Separating variability into random and non-random components, healthy subjects under elastic loading decreased the random component of variability (12) . Furthermore, variability in breathing pattern induced dyspnea in patients with restricted lung disease, indicating that such patients adopted a strategy of decreasing variability as a means of avoiding dyspnea (11) . Regardless of whether breathing patterns are inherent to the disease or adopted to alleviate breathing problems, changes in variability will result in abnormal strains delivered to cells, which can trigger pathological signaling and contribute to the progression of the disease. This may affect remodeling of lung ECM by fibroblast in both fibrosis and emphysema, especially at the microscopic level where the regional heterogeneity of stretch is large. An extreme example of changing variability is taking it away altogether, which occurs in monotonous mechanical ventilation of patients. It has been reported that monotonous stretch during mechanical ventilation impairs surfactant metabolism and promotes cytokine release, whereas adding variability to tidal volume can be used as a potential treatment, which has shown positive results in induced lung injury models (9, 112, 113) .
Blood pressure fluctuations arise in the cardiovascular system as a result of numerous feedback systems interacting in a noisy environment (35) . These fluctuations are an intrinsic characteristic of the system in healthy subjects but are known to increase in hypertensive patients and animals (70, 107) . Furthermore, blood pressure variability (BPV) occurs and has been characterized on different time scales ranging from beat-to-beat, to 24 h, to periodic doctor visits (86, 95) . While mean blood pressure and in particular systolic blood pressure are considered primary diagnostic measurements for cardiovascular disease, higher BPV on the time scale of periodic doctor visits was identified as an important and independent predictor of stroke (95) . Likewise, lower 24-h BPV correlated with lesser prevalence of target organ damage in patients with hypertension (86) . Increases in BPV should certainly induce higher maximum strains acting on ECs as well as VSMCs, both of which are sensitive to variable mechanical stimuli (7, 120) . While the general trend is that mean blood pressure and BPV go together, inducing increased BPV in rats via sinoaortic denervation results in aortic and left ventricular hypertrophy without an increase in mean blood pressure (73) . This is quite important since cells in the vessel wall are likely able to accommodate an increase in static mean stretch associated with increased mean blood pressure but may react in unexpected ways to pathological increases in BPV. Increased BPV in humans is also associated with arterial wall remodeling and arterial wall stiffness (97), a strong and independent predictor of cardiovascular risk (74) . Thus increased BPV is perhaps not just a symptom of hypertension but also an important mechanical signal involved in the progression of cardiovascular diseases.
The precise mechanism by which BPV and arterial stiffness interact and progress into diseased states remains to be elucidated. However, our recent findings that FDM governs VSMC signaling to maintain normal contractility coupled with observed high BPV in hypertensive patients offer a hypothesis for how these factors might play a role in hypertension. VSMC contractility is an important contributor to vascular stiffness (32) . FIGURE 3 shows potential relationships between contractility and variability in strain, with red and green curves representing hypothetical diseased states and the black curve representing normal aortic function. We have measured the effects of strain variability in normotensive rat aorta at normal (black cross) and laboratory (blue cross) levels of variability (7) as well as in several samples from spontaneously hypertensive rats (red cross) exposed to normal variability (Imsirovic J, Suki B, unpublished data). The red arrow is the observed pathological state found in hypertension with increased contractility and strain variability. Thus increased variability in strain likely induces a more contractile VSMC phenotype. If experiments will find the red curve, then the increased BPV would represent a protective mechanism by which contractility is reduced compared with the peak of the red curve. In this case, BPV would have to be reduced close to the level of normal BPV to make sure that contractility is also lowered. Alternatively, if the green curve is found, then drugs that reduce BPV should also reduce mean blood pressure since contractility will decrease. Indeed, in hypertensive patients undergoing 3 mo of antihypertensive treatment, the reduction in BPV by amlodipine, a calcium channel blocker, was significantly associated with the reduction in mean blood pressure (135) .
Conclusions
Most cell types are highly sensitive to their physical environment, and physiological forces acting on them play a dominant role in many regulatory cell functions. Such mechanotransduction is invariably studied using monotonous mechanical stimuli; however, cells in the body are exposed to irregularly varying stimuli. Cells sense external mechan-FIGURE 3. Possible relationships between FDM and VSMC contractility MS (monotonous stretch) represents laboratory condition with no variability and low contractility. VS (variable stretch) is the homeostatic variability in normal arteries. PS (pathological stretch) is pathological variability in hypertensive patients with high contractility. The black curve represents the normal VSMC, and the red and green curves are two possible scenarios occurring in hypertension. The red arrow is based on actual observations in hypertensive subjects. The blue (n ϭ 10) and black (n ϭ 9) crosses and the numbers are contractility values normalized to VS from our measurements in Ref. 7 . The red cross (n ϭ 3) is our recent measurements (Imsirovic J, Suki B, unpublished observations).
ical forces via adhesion molecules and the cytoskeleton, and most if not all basic cell functions should also be sensitive to the fluctuations in mechanical stimuli. Evolutionary forces should favor structures that can adapt to and take advantage of existing fluctuations. This aspect of mechanotransduction has been overlooked in cell and tissue culture studies. The two main conclusions from this summary of known mechanisms involved in FDM are that 1) cells are capable of exploiting mechanical fluctuations to increase their ATP production rate and 2) FDM-induced stimulation of bioenergetics leads structural reorganization of the cytoskeleton and selective activation of signal transduction pathways.
Many challenges and open questions remain, however. At the most general level, we argued that FDM is a dynamic nonequilibrium state of the cell that never reaches a steady state. The thermodynamics of such driven systems is still under development. We also did not consider several important factors. Among others is the fact that fluctuations are often nonrandom because heart rate and breathing patterns show long-range correlations. It is not known whether correlations in fluctuating mechanical stimuli affect FDM. While strain rate also fluctuates and bond dissociations strongly depend on strain rate, their influence on conventional mechanotransduction and FDM is less well understood. At the level of many cells, FDM probably alters cell-cell interactions. The specific effects of FDM on single cells are likely celltype dependent. However, the general organization and dynamics of the cytoskeleton, an active network under nonequilibrium conditions, may respond to FDM similarly in all cell types, which should be further studied. Nothing is known about the nuclear responses to FDM, and these also need to be elucidated. At the molecular level, the specific focal adhesion and other proteins that undergo conformational changes have not been studied. If the increase in the availability of ATP during FDM as seen in VSMCs is also confirmed in other cells and organs, FDM may turn out to be a very general mechanism, suggesting that hierarchical active networks may be capable of harnessing energy from fluctuations in their environment. This latter issue may also have evolutionary implications. Finally, we briefly addressed the possibility that alterations in the fluctuations coming from one organ and affecting FDM in other organs may contribute to disease pathogenesis and progression. The specific direction and magnitude of the changes in fluctuations will need to be experimentally mapped for different organs, organisms, and diseases. In summary, uncovering how cells deal with physiological variabilities may help us understand how cells work in real living tissues, with possible impact for several major diseases including atherosclerosis, neurodegenerative diseases, metabolic disorders, aging, or cancer. Ⅲ This study was supported by National Heart, Lung, and Blood Institute Grants HL-098976, HL-111745, and HL-122513.
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